Gene and genome duplications are the primary source of new genes and novel functions and have played a pivotal role in the evolution of genomic and organismal complexity [1, 2] . The spontaneous rate of gene duplication is a critical parameter for understanding the evolutionary dynamics of gene duplicates; yet few direct empirical estimates exist and differ widely. The presence of a large population of recently derived gene duplicates in sequenced genomes suggests a high rate of spontaneous origin, also evidenced by population genomic studies reporting rampant copynumber polymorphism at the intraspecific level [3] [4] [5] [6] . An analysis of long-term mutation accumulation lines of Caenorhabditis elegans for gene copy-number changes with array comparative genomic hybridization yields the first direct estimate of the genome-wide rate of gene duplication in a multicellular eukaryote. The gene duplication rate in C. elegans is quite high, on the order of 10 27 duplications/ gene/generation. This rate is two orders of magnitude greater than the spontaneous rate of point mutation per nucleotide site in this species and also greatly exceeds an earlier estimate derived from the frequency distribution of extant gene duplicates in the sequenced C. elegans genome.
Results
Most of the recent progress in elucidating the role of gene duplications in the history of life has been the result of analyses of whole genomes with comparative genomics. Although genomes can provide a rich record of the history of gene duplications in a particular lineage, the population genetic dynamics and selection pressures on duplicated genes remain poorly understood. The spontaneous gene duplication rate shapes the natural variance in gene copy number and is an important parameter for understanding the early evolutionary dynamics of novel genes [7, 8] . Ultimately, the frequency of gene copy-number polymorphisms in genomes as well as their rate of fixation is determined by a combination of the spontaneous duplication rate and the probabilities of preservation or elimination of these changes by evolutionary forces such as natural selection, genetic drift, and various mutations [8, 9] .
Estimates of the spontaneous rate of gene duplication come primarily from three sources: (1) calculations based on the abundance of very recent gene duplications in sequenced genomes [2, 10] , (2) calculations assuming mutation-selection balance where the fitness consequences of the duplication are known [11] , and (3) direct measurements on individual loci where gene copy-number differences result in a distinct phenotype or genotype [12] [13] [14] [15] [16] . With method 1, Lynch and Conery [17] utilized the distribution of synonymous site divergence between duplicate genes in several sequenced genomes to estimate a duplication rate of 0.1 3 10
28 /gene/ year in Drosophila melanogaster, 0.4 3 10 28 /gene/year in Saccharomyces cerevisiae, and 1.6 3 10
28 /gene/year in C. elegans, among others. Translating these rate estimates into duplications/gene/generation requires knowledge of the number of generations/year. For C. elegans, the rate of gene duplication was calculated to be similar to the synonymous substitution rate, and, because the frequency of base substitutions in C. elegans has been estimated to be 2 3 10 29 /site/ generation in long-term mutation accumulation experiments (MA) [18] , the gene duplication rate per generation based on the genomic data would then be on the order of 10 29 duplications/gene/generation. Method 2 estimates the rate of gene duplication with the frequency of gene duplications in a population and population genetic theory of mutation-selection balance. With this approach, the rate of new gene duplications in the X-linked human dystrophin gene leading to Duchenne muscular dystrophy (DMD) was estimated to be w10 25 duplications/gene/generation [11] . Direct empirical measures of the gene duplication rate based on method 3 generally yield much higher values than those generated based on extant duplicates in sequenced genomes. For example, reports of locusspecific duplication rates in bacteria, Drosophila, and humans range from 10 23 to 10
27
/gene/generation [11] [12] [13] [14] [15] [16] 19] . These estimates are based on a handful of loci and may not be representative of all duplicated loci in these genomes. The discrepancy between the genome sequence estimates and empirical measures is particularly stark in yeast. Bioinformatic analyses of the sequenced yeast genome suggested that the rate of gene duplication in yeast is half that of the per nucleotide base substitution rate [2] . However, whole-genome sequencing of S. cerevisiae MA strains has now revealed that the duplication rate per locus is 10,000-fold higher than the base substitution rate [20] . The five orders of magnitude discrepancy in the rate of spontaneous gene duplication in preceding studies is likely due to a combination of the use of different gene loci, species, and approaches of quantification.
We used comparative genome hybridization (CGH) to measure the spontaneous gene duplication and deletion rate in C. elegans using experimental evolution lines that were generated during a long-term MA experiment (Figure 1 ) by enforcing single-worm bottlenecks each generation to greatly reduce the efficacy of natural selection [21] . Under these conditions, nearly all mutations are able to accumulate in the genome largely independent of their fitness consequences, which enables an estimation of the rate of spontaneous mutations. Analyses of ten C. elegans MA lines (bottlenecked for an average of 432 generations) with NimbleGen CGH microarrays detected 14 duplicated and 11 deleted segments that were unique to particular MA lines (Tables 1 and 2 , respectively). These duplications and deletions were verified by quantitative PCR (Tables S1 and S2 , available online). The 14 duplicated segments involved the complete and partial duplication [22] *Correspondence: ulfar@unm.edu of 11 and 19 loci, respectively. The C. elegans genome contains approximately 20,400 protein coding genes (excluding alternative splice forms), so the probability that any given gene is duplicated at least partially is 30/(20,400 3 432 3 10) = 3. 27 / gene/generation). Both of these estimates of the gene duplication rate in C. elegans are quite high, about two orders of magnitude greater than the spontaneous rate of point mutation per nucleotide in this species (w10 29 /site/generation) [18] . Additionally, our empirically determined rate of spontaneous gene duplication for experimental C. elegans MA lines is two orders of magnitude higher than that determined from analyses based solely on the frequency distribution of extant duplicates of varying evolutionary ages in the sequenced N2 genome [2] . Our direct gene duplication rate estimates may in fact be downwardly biased for two reasons, namely (1) that small duplications are likely to go undetected because the number of adjacent microarray probes signaling gene copy-number changes may not be sufficient for detection and (2) these CGH DNA microarrays are restricted to unique probes only and duplications of genes in recently duplicated regions, for instance by unequal crossing over, may not be detected. The genome-wide duplication and deletion rate reported here does not add much to the overall mutation rate per genome. The base substitution rate per genome in C. elegans is w0.1/genome/generation [18] , and if we count each duplication and deletion as an independent mutation, then the duplication/deletion rate per genome/generation is 0.007 and 0.011 when the calculation is based on copynumber changes in individual ORFs.
If the duplication and deletion rates are homogeneous across MA lines, the number of copy-number changes per line is expected to be Poisson distributed. Two potential sources of bias in estimating the rate of gene duplication and deletion from MA experiments is that these rates might be subject to change, either because of mutations in recombination and repair genes or because of fitness-dependent differences in the rates [23] . These two sources of bias would result in a larger variance in gene copy-number changes than expected under the Poisson distribution. Nevertheless, the ratio of the variance to the mean in the number of gene duplications and deletions across different MA lines is close to random expectations (F value = 1.13; p > 0.25) suggesting the lack of a significant contribution from these two sources.
The duplication lengths ranged from 2.4-13.9 kb with a median duplication size of 7 kb. Deletions ranged in length from 0.8-31.7 kb with a median value of 3.5 kb. The difference in the length distributions of duplications and deletions are marginally significant (Wilcoxon two-sample test, p = 0.05). However, small deletions are more likely to be detected relative to small duplications and this may have influenced the difference in the median length of duplication and deletions. The median duplicon size of 7 kb in this data set is significantly greater than the median duplication size of 1.4 kb [24] for extant evolutionarily young gene duplicates with low synonymous divergence in the sequenced genome of the N2 laboratory strain of C. elegans (Wilcoxon two-sample test; p < 0.0001). This discrepancy can be due to either one or a combination of three possibilities, namely, (1) duplications are contracting in length because of internal deletions subsequent to their origin, (2) there is purifying selection against larger duplicates, and/or (3) CGH arrays are biased in favor of detecting larger duplications.
The spontaneous duplications and deletions in the ten MA lines were spread across all six chromosomes in the C. elegans genome (Figure 2A ). Four duplications appear to be coupled with adjacent deletions and two of these are located at the ends of chromosomes. In addition, four duplications appear to involve more than a single copy addition, usually resulting in three to four copies but, in one case, perhaps as many as eight copies according to the qPCR results. Using divergent primers at the end of duplicons, we sequenced the breakpoints associated with four duplications and two deletions ( Figures  S1A-S1F ). We were not successful in sequencing the coupled and high copy-number duplications using this strategy, which is only expected to yield results when the duplicated segments are adjacent and there are no further rearrangements associated with the copy-number change. The breakpoints indicate direct tandem duplications with little or no sequence identity at the ends of the duplicons (Figures S1A-S1D) . Moreover, in some instances, several additional nucleotides have been inserted at the breakpoint ( Figures S1A, I , and J). One deletion appears to have been the result of unequal crossing-over ( Figure S1E ).
In addition to the copy-number changes unique to individual MA lines, we also observed six copy-number differences that are shared among all the MA lines. These comprise five duplications and one deletion ranging from 634 to 19,358 bp (Table 3, Table S3 , Figure 2B , and Figures S1G-S1J). These differences represent copy-number changes between different N2 laboratory isolates of C. elegans, specifically the N2 laboratory strain that was used as a source of DNA in our CGH microarray experiments and the N2 laboratory strain that served as the ancestral stock for all the experimental MA lines established by Vassilieva and Lynch [21] . The deletion in the common N2 ancestor of all the MA lines was recently described as a common deletion found in strains that were subjected to mutagenesis with ethyl methanesulfonate and may in fact have been present in the genetic background of these strains prior to mutagenesis [25] .
Discussion
The rate of fixation of duplicated genes due to beneficial, neofunctionalizing mutations has been shown to be dependent on the species' effective population size as well as the rate of duplication [7, 26] . The direct estimates of gene duplication rates are two orders of magnitude greater than the per nucleotide point mutation rate. This may have important consequences for the role of adaptation in the evolution of duplicated genes. Theoretical and empirical work show that the mutation rate is an important determinant of the rate of fixation of adaptive mutations and that less-fit beneficial mutations can be fixed in the population earlier than the fittest mutation if the former are more frequent [27, 28] . For instance, if an adaptation to a novel environment requires an increase in the expression of a particular gene, and the gene duplication rate far exceeds the per nucleotide base substitution rate, advantageous duplications of the locus are more likely to occur and become fixed in populations before beneficial point mutations. This may explain why recent adaptations in natural Quantitative PCR results confirming these duplications are presented in Table S1 . Duplication lengths with an asterisk are based on the DNA sequence of duplication breakpoints shown in Figures S1A-S1D. Other length estimates are minimum estimates based on the location of probes included in the duplicated region. The numbers of ORFs were based on WormBase sequence version WS219. Quantitative PCR results confirming these deletions are presented in Table S2 . Duplication lengths with an asterisk are based on the DNA sequence of deletion breakpoints shown in Figures S1E and S1F. Other length estimates are minimum estimates based on the location of probes included in the deleted region. The numbers of ORFs were based on WormBase sequence version WS219.
populations have often involved an increase in gene dosage through gene duplication and amplification rather than regulatory base substitutions [29] [30] [31] . Once such adaptive duplications have become common or fixed, they become targets for mutations that increase the genetic repertoire of the organism. Were beneficial base substitutions more frequent than duplications, an increase in expression would more often be achieved by base substitutions rather than gene duplications. Hence, the relative rates of point mutations and duplications can play an important role in the evolutionary potential of genomes.
A large fraction of duplications do not span the coding sequence of genes in their entirety, and others are unlikely to capture the complete array of upstream regulatory sequences. This may predispose gene duplicates to subfunctionalization because the first step in this process is the loss of an essential feature in one copy [22, 24, 32, 33] . Moreover, failure to capture the full coding sequence or regulatory repertoire of the ancestral copy may predispose the duplicate copy to a different evolutionary trajectory wherein the ancestral copy is likely to retain its original function and the derived copy is more likely to be neofunctionalized, subfunctionalized, or pseudogenized. Indeed, recent analysis suggests that derived gene copies are evolving at faster rates relative to their ancestral counterparts [34, 35] .
All empirically-derived estimates of the spontaneous duplication/deletion rates, be they locus-specific [12] [13] [14] [15] [16] 19] or genome-wide [20] , are much greater than bioinformaticallyderived estimates from extant duplicates in sequenced genomes for a diverse set of organisms across different kingdoms. This strongly suggests that most gene duplications are efficiently purged from the genome by purifying natural selection in their infancy, leaving a surviving observable pool dominated by duplicates with lower rates of loss. In fact, recent population genetic analyses of gene copy-number polymorphism found an excess of rare duplications suggestive of purifying selection in Drosophila melanogaster [6] . Thus, prior genome-based estimates of the gene duplication rate may only reflect the birth rates of initially neutral or nearly neutral duplications. If this is the case, we predict that the discrepancy between bioinformatically and empirically derived estimates of the gene duplication rate will correlate positively with effective population size. In the case of the yeast S. cerevisiae, the rate of spontaneous mutation has been measured as 0.7 3 10 29 substitutions/site/generation [20] and the parameter N e m is approximately 0.023 [36] , giving an estimated N e of 3.3 3 10 7 . This estimated N e for S. cerevisiae is extremely similar to that measured for its close relative, Saccharomyces paradoxus (w10 7 ) [37] . In the case of S. cerevisiae, with a large effective population size, the discrepancy between the bioinformatic and empirical estimates of the gene duplication rate [2, 20] spans five orders of magnitude. In contrast, the discrepancy is only two orders of magnitude in the case of C. elegans, where the effective population size has been estimated as 9 3 10 4 individuals [38] . However, it is possible that the present level of genetic variation in C. elegans, and hence its small effective population size, results from the recent evolution of hermaphroditism in this species [39] . For comparison, the estimated effective population size of Caenorhabditis remanei, an obligate outcrosser, is 1.6 3 10 6 [40] . Most gene duplicates confer a slight penalty on the fitness of the carrier, possibly because of an initial dosage imbalance. Microorganisms and unicellular eukaryotes with their large effective population sizes and greater efficacy of selection Quantitative PCR results confirming these duplications and deletions are presented in Table S3 . Duplication lengths with an asterisk are based on the DNA sequence of duplication and deletion breakpoints shown in Figures S1G-S1J. Other length estimates are minimum estimates based on the location of probes included in the duplicated region. The numbers of ORFs were based on WormBase sequence version WS219. a,c Correspond to a duplication and deletion event in the common N2 ancestor of all MA lines. b Corresponds to duplication events in the N2 reference strain used for the CGH microarray analysis.
may more effectively purge these newly arisen duplicates with their mildly deleterious effects. Conversely, the relatively smaller effective population sizes of many multicellular eukaryotes compromise their ability to efficiently rid their genome of these new entrants.
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